Abstract-Contrast sensitivity for a Gabor target can be increased by a factor of two when identical patches are separated by about three wavelengths (λ) and positioned collinearly (Polat and Sagi, 1993 , 1994a , 1994b . The facilitation effect was found for a wide range of spatial frequencies but was tested with well-experienced observers. Since practice modifies the range of lateral interactions, in this study naive observers were tested in order to document the initial stage of collinear facilitation. Surprisingly, we found that facilitation is maximal for the high spatial frequencies and minimal for the low spatial frequencies. We also found that when experienced observers were tested, facilitation at the low spatial frequencies was evident, suggesting that the initially reduced facilitation was due to inefficient lateral interactions. We suggest that the absence of facilitation for low spatial frequencies is due to the slow propagation velocity of the remote input, resulting in a mismatch between the flanker's input and the target's integration time.
INTRODUCTION
Contrast is one of the most important attributes of the visual stimulus that determines visual neuronal response. The visual system can detect small, local luminance differences (contrast) and group them into behaviorally relevant objects, a process that is context-dependent and requires integration between remote image parts. Contrast sensitivity function (CSF) describes the contrast sensitivity (the reciprocal of threshold contrast) against spatial frequency and usually peaks at 3-6 cycles per degree (cpd) when measured with extended gratings. Contrast sensitivity measured with Gabor patches (GPs) is facilitated when the target is flanked by 2 identical GPs positioned at a separation of about 3λ or more from the target and arranged in a collinear configuration (Adini and Sagi, 2001; Adini et al., 1997; Bonneh and Sagi, 1998; Polat and Sagi, 1993 , 1994a , 1994b Solomon and Morgan, 2000; Woods et al., 2002) . The facilitation reached was up to a factor of two (0.3 log units) in many cases and was found for a wide range of spatial frequencies (Polat et al., 2005; Polat and Sagi, 1993) . Thus, facilitation is expected to shift the CSF upward by about a factor of two.
The lateral interactions, as implied by Polat and Sagi (1993) , showing spatial scaling of the facilitation with spatial frequency, would predict a general principle of operation within the visual system that could be applied across all spatial frequencies. Such generality may be very appealing but anatomical support has not yet been found in the visual cortex to support this prediction. A recent study has shown that the size of both the carrier and the envelope of the Gabor affects lateral interactions at short distances (Woods et al., 2002) . However, this study also shows that at larger target-flanker distances there is spatial scaling.
A key argument against the spatial scaling of the lateral interactions is that the size of long-range connections in area V1 is almost fixed, about 1-2 mm, which is far too short to account for the effects seen psychophysically from the lateral interactions, especially with the lower spatial frequencies (for a review, see Angelucci and Bressloff, 2006) .
Another argument against the spatial scaling is based on the fact that the propagation time of the lateral interactions is slow. Since excitatory effects from outside the receptive field propagate to the target's location through the lateral connections, lateral interactions are slow, relative to the direct input received by the receptive field (less than 2λ). The estimated propagation speed of lateral excitation derived from psychophysical studies is about 3
• /s (Cass and Spehar, 2005; Tanaka and Sagi, 1998) , in agreement with the estimates from intracellular and optical imaging studies (Bringuier et al., 1999; Series et al., 2003) . Therefore, facilitation is possible only if the propagation of the excitatory input from the mask to the target is not delayed by a longer period than the integration time of the feedforward input. An estimate of the integration time of the target response taken from physiological experiments (Albrecht, 1995; Mizobe et al., 2001; Polat et al., 1998) provides an upper limit of 200 ms. This estimate is consistent with psychophysical results showing that the integration time for contrast detection at threshold is 160-200 ms (Watson et al., 1983) . Our results are consistent with this estimate, and we found that the saturation level of integration time is reached after 100 ms for targets of 6 cpd . Thus, a stimulus that arrived beyond a time window of 100-200 ms will fail to facilitate the target's response. Support for the importance of the relationships between propagation time and integration time was found in the study of Cass and Spehar (2005) . They found that the facilitation increased with increasing presentation time of the target, reaching an optimal time of facilitation at 3λ at 80 ms.
Taken together, spatial scaling of the facilitation effect may pose a considerable challenge for our understanding of visual processing: (a) how the facilitation is mediated for the lower spatial frequencies, and (b) since the retinotopic distance for 3λ increases with decreasing spatial frequency, the delay of the lateral input will increase with decreasing spatial frequencies; thus it may be less effective in facilitating the target. It is also possible that lower spatial frequencies will require longer presentation times in order for the facilitation to take place.
In this study we explored the question of whether the efficacy of the 'normal' lateral interactions may be reduced for the lower spatial frequencies in novice observers. We predict that if this effect results from a longer propagation time required for the low spatial frequencies, than increasing the presentation time may increase the facilitation. Alternatively, if the facilitation effect is invariant to the presentation time of the target, our results may suggest that the natural state of contour processing, which may rely on the collinear facilitation, is shifted toward the higher spatial frequencies. This effect may reflect the adaptive state of the visual processing to the natural environment.
We conducted experiments to test the prediction that contrast facilitation will be reduced for the low spatial frequencies. We found that facilitation is negligible or reduced for the lower spatial frequencies in novice observers. We also found that when experienced observers were tested, the collinear facilitation for low spatial frequencies was more evident.
METHODS

Stimuli
The contrast threshold of Gabor patches for the target alone and the target plus 2 identical Gabor patches positioned collinearly at 3 wavelengths (λ) was measured. A range of spatial frequencies from 1.5-12 cpd was tested. The flanker's contrast was 64% (for 1.5, 3, 4 and 6 cpd) or 94% (9 and 12 cpd). The spatial frequencies of the target and the flankers were identical.
Observers
Thirteen novice observers with normal or corrected-to-normal vision were tested monocularly. The CSF was measured during their first two sessions on different days. Four other practiced observers were tested with different contrast levels of flankers at 1.5 and 3 cpd.
Apparatus and stimuli
The stimuli were circularly symmetric, cosine-phase Gabor patches modulated from a background luminance of 40 cd m −2 . Stimuli were presented on a Phillips multiscan 107P color monitor, using a PC system. The effective size of the monitor screen was 24 × 32 cm, which at a viewing distance of 150 cm, subtends a visual angle of 9.2 × 12.2
• . The experiment was conducted in a dark cubicle, where the only ambient light came from the display. The target was centered on the monitor screen and the flankers' Gabor patches were always positioned at 3λ. Six spatial frequencies were used: 1.5, 3, 4, 6, 9 and 12 cpd (see Fig. 1 ).
Procedure
To measure detection contrast, we used a two-interval alternative forced choice, with a 800-ms delay between the two intervals. Two stimulus durations, 40 or 80 ms, were used. Each observer was tested on only one of them. A blank screen appeared until the observer responded and an online auditory error feedback was provided immediately after the response, in the form of a loud bleep. The subject indicated whether the target was seen in the first or second interval. Contrast thresholds were measured utilizing a staircase method, which was shown to converge to 79% correct (Levitt, 1971) . In this method, the target contrast is increased by 0.1 log units (26%), after an erroneous response, and is decreased by the same amount after three consecutive correct responses. About 40 trials were needed to estimate the threshold in each block. Two estimates for each datum point were obtained.
Trials were blocked according to spatial frequency. Subjects completed one measurement of the CSF for the target alone and the target and flankers were positioned at 3λ within one session. The order of blocks was randomized. A second run was repeated on a different day. The procedure is similar to that used by Polat and Sagi (1993 , 1994a , 1994b .
The effect of flanker's contrast on the amount of facilitation was measured after the CSF was measured. Observers were tested either for 1.5 cpd or for 3 cpd. The flank's contrast was changed from 4 to 96%. The flankers were always positioned at 3λ. In order to determine whether practice affects the amount of facilitation, we previously tested four experienced observers in various types of lateral interaction experiments.
RESULTS
Contrast sensitivity, as a function of spatial frequency, is presented in Fig. 2 . Figure 2a presents the average results for five subjects measured with a stimulus duration of 40 ms, whereas Fig. 2b presents data for eight subjects measured with a stimulus duration of 80 ms. The x-axis denotes the spatial frequency of the Gabor patches (GP) in a logarithm scale, and the y-axis denotes the contrast sensitivity (the reciprocal of the contrast threshold) in a logarithmic scale. The open circles describe the CSF for the target, and the filled squares describe the CSF for the flanked target. The solid lines are the polyfit line to the average data. Interestingly, the results show that the contrast sensitivity for the flanked target is significantly higher than for the target alone for both durations (paired t-test, p = 0.0009, 80 ms; p = 0.03, 40 ms), but for spatial frequencies below 3 cpd, the amount of facilitation is decreased. Thus, as predicted, in novice observers, the amount of facilitation is not uniform across spatial frequencies.
In order to quantify the amount of facilitation for each spatial frequency and to make it comparable to earlier studies, we calculated the sensitivity elevation. The sensitivity of the unflanked target was divided by the sensitivity of the flanked target. Values above zero indicate suppression, whereas values below zero indicate facilitation, and a zero value indicates no effect. The results are presented in Fig. 3 . The amount of sensitivity elevation (y axis) for the higher spatial frequencies (x axis) is about 0.225 log units and is comparable with the sensitivity elevations found in earlier studies (Ellemberg et al., 2002; Giorgi et al., 2004; Ishai and Sagi, 1995; Levi et al., 2002; Polat, 1999; Polat and Sagi, 1993 , 1994a , 1994b Woods et al., 2002) . However, note that the facilitation is neglible for the lower spatial frequencies. Thus, as noted above, the prediction that in novice observers the amount of facilitation is not uniform across spatial frequencies is confirmed.
It is possible that the reduced facilitation found for the lower SF is due to increased lateral suppression at the low SF. This effect might occur because the flankers are more visible at the lower SF, and thus they are more effevtive and may induce suppression. The contrast threshold of the target alone is lower for the lower spatial frequencies and thus the effective flanker's contrast (the ratio of the flanker's contrast to the unflanked target's threshold) is increased with decreasing spatial frequency. Therefore, it is possible that the reduced facilitation with decreasing spatial frequency is due to increased contrast summation of the target and flankers with decreasing SF. To test the first possibility, we recalculated the data in Fig. 3 as a function of sensitivity elevation against the flanker's effective contrast. The results show (figure not shown) that facilitation decreased with increasing flanker's effective contrast. This result is consistent with previous studies (Levi et al., 2002; Polat, 1999; Polat and Sagi, 1993; Zenger and Sagi, 1996) .
To scrutinize the apparent dependency between facilitation and the flanker's effective contrast, we tested the amount of facilitation as a function of the flanker's effective contrast. The flanker's contrast was changed from 8-96% and the sensitivity elevation for 1.5 and 3 cpd was measured. If there is a true dependency between the flanker's effective contrast and the amount of facilitation, we would expect to find facilitation for the lower flanker's effective contrast, i.e. for a ratio of about 0.3 log units, where the maximal facilitation was found (see above). The results are presented in Fig. 4a and 4b for 1.5 and 3 cpd, respectively. As shown, the changes in the flanker's effective contrast by more than one log unit changes the amount of facilitation only slightly, especially for 1.5 cpd. Thus, the results do not support the notion that facilitation is affected by the flanker's effective contrast. This result is consisent with earlier studies that found that collinear facilitation is invariant to the flanker's visibility at a target-flanker separation of 3λ or more (Levi et al., 2002; Polat, 1999; Polat and Sagi, 1993; Zenger and Sagi, 1996) . Thus, our present and the previously reported results indicate that facilitation at 3λ is not decreased with increasing mask contrast. Support to our claim that facilitation is not affected by flanker's visibility can be found from recent studies in amblyopia. Facilitation is found even for low mask contrast (Levi et al., 2002) and the amount of facilitation is not correlated with the target threshold (Bonneh et al., 2004; Polat et al., 2004 Polat et al., , 2005 . Therefore, the possibility exists that our result of reduced facilitation at the low spatial frequencies is not due to increased flanker's effective contrast. Polat and Sagi (1993) measured the facilitation effect for spatial frequencies from 3-13.3 cpd. Their data show (Fig. 3, at 3λ ) that facilitation for 3 cpd was about 0.14 log units and for 13.3 cpd about 0.3 log units. Thus, our data are consistent with their data in showing the trend of reduced facilitation for 3 cpd. However, they measured this effect from non-novice observers and they did not measure the effect for 1.5 cpd. In this study, we repeated the measurements with observers that have had previous experience in lateral interaction experiments. Presented in Fig. 5 , the results show that three out of the four observers show facilitation on an order of 0.2 log units for 1.5 and even more for 3 cpd. Moreover, facilitation was found for a wide range of flanker's effective contrasts, thus reconfirming that facilitation is not a consequence of contrast summation of the target and flanker's contrasts by a single large filter.
DISCUSSION
Facilitation of local targets by collinear flankers was found to be not uniform across spatial frequencies; with novice observers, facilitation is negligible for low spatial frequencies and is increased monotonically with increasing spatial frequency. Facilitation for longer durations is higher especially for the low spatial frequencies. We also found that experienced observers show facilitation at the lower spatial frequencies. The results support the prediction that the facilitation for low spatial frequencies is limited by the slow propagation velocity of the remote input, resulting in a mismatch between the flanker's input and the target's integration time in the low spatial frequencies.
It is suggested that collinear facilitation subserves contour integration (Kovacs, 1996; Polat, 1999; Polat and Sagi, 1994a) and that contour extraction operates at a narrower bandwidth (Dakin and Hess, 1998) . Thus, the higher spatial frequencies are naturally more involved in processing contours, and thus are more 'practiced'. Thus, the improved collinear facilitation for the higher spatial frequencies may stem from ecological reasons. Collinear facilitation for low spatial frequencies (3 cpd) was recently found using chromatic Gabor patches (Ellenbogen et al., 2006) , supporting the idea that the chromatic system operates in the lower range of spatial frequencies.
A plauseable explanation is that our results may be due to the differences in the propagation time for the low and high spatial frequencies. The retinal distance for the lower SF is larger than for the higher SF. A retinal distance of 3λ between the target and the flankers for 12 cpd is about 0.25 deg, whereas that distance for 1.5 cpd is about 2 deg. Such a difference (eight times in visual angles), projected into the visual cortex, may indicate that the retinal distance between two different neurons is larger for the lower spatial frequencies than for the higher spatial frequencies. Thus, the propagation time will be longer for the lower spatial frequencies.
Propagation time
Since excitation from outside the receptive field propagates to the target's location through the lateral connections, lateral interactions are slow, relative to the direct input received by the receptive field. The estimated propagation speed of lateral excitation derived from psychophysical studies is about 3
• /s (Cass and Spehar, 2005; Polat and Sagi, 2006; Tanaka and Sagi, 1998) , in agreement with estimates from intracellular and optical imaging studies (Bringuier et al., 1999; Malonek et al., 1994; Series et al., 2003) . Thus, facilitation may be possible only if propagation of the lateral excitatory input to the target is matched with the integration time of the feedforward input. Therefore, lateral input from the flankers' locations, separated by 3λ, may reach the target location after about 670 ms for 1.5 cpd (2 deg), instead of about 83 ms for 12 cpd (0.25 deg). An estimate of the integration time of the target response taken from physiological experiments (Albrecht, 1995; Mizobe et al., 2001; Polat et al., 1998) provides an upper limit of 200 ms. This estimate is consistent with psychophysical results showing that the integration time for contrast detection at threshold is 160-200 ms (Watson et al., 1983) and with results from our laboratory . We assume that a flanker's response before arriving to the target location beyond this time-window will fail to facilitate the target. Therefore, since the propagation time for the lower spatial frequency (1.5 cpd) is about 670 ms, the lateral input may arrive too late to facilitate the target's response.
The anatomical basis for the long-range interactions may rely on the long-range connections (Bolz and Gilbert, 1989; Gilbert and Wiesel, 1985, 1989; Gilbert et al., 1990; Malonek et al., 1994; Ts'o et al., 1986) that occur between similar orientation columns (Malach et al., 1993; Weliky and Katz, 1994) . Moreover, the pattern of anatomical connections is elongated and tends to interconnect iso-oriented columns that correspond to collinear stimuli in the visual cortex of tree shrews (Fitzpatrick, 1996) and cats (Schmidt et al., 1997) . These connections span large distances and can convey contextual information (Fitzpatrick, 1996; Gilbert and Wiesel, 1983; Schmidt et al., 1997) . The distance of those connections may be up to 6 mm (Gilbert and Wiesel, 1989 ), but it is mostly local and patchy within one mm (Rockland et al., 1982) .
According to our data, the propagation time may explain the lack of facilitation that is found for the low spatial frequencies in novice observers. On the other hand, it was shown that practice with collinear configuration improved the facilitation, possibly attributed to improvement of the synaptic efficacy (Polat and Sagi, 1994b, 1995; Polat et al., 2004) . Herein we found more facilitation for the low spatial frequencies with experienced observers. Thus, it is possible that practice improved the temporal correlation between the lateral and feedforward inputs. It has been suggested that strongly facilitated cells undergo temporal synchronization (Yen and Finkel, 1998 ). An important feature of the effect of collinear facilitation is that it has been shown to increase the temporal similarity between the contour elements (Sterkin et al., 2008) . Support for this comes from the finding that the response of individual neurons in the cat primary visual cortex becomes more reliable (less variable and with a higher signal-to-noise ratio) owing to collinear facilitation and that phase lead has also been found in humans in conjunction with collinear facilitation (Polat and Norcia, 1996) . Synchronization between spatially separated neurons and stimulus configurations that resemble those described for collinear interactions have been found (Lowel and Singer, 1992; Singer and Gray, 1995) . Thus, it is possible that the efficacy of the lateral interactions is initially reduced for the low spatial frequencies but may improve with practice.
The propagation time may explain the compromised facilitation reported in the periphery (Giorgi et al., 2004; Shani and Sagi, 2005; Williams and Hess, 1998) for several reasons: (a) The periphery is usually less involved with contour detection than the fovea is; thus the correlation between neurons processing collinear interactions is weaker. (b) The propagation time may be slower at the periphery (for a review, see Angelucci and Bressloff, 2006) . (c) In the periphery, because of the magnification factor, two factors that reduce the facilitation were preferentially tested: lower spatial frequencies (see above) and/or larger targetflanker separations.
An alternative explanation for the effect of collinear facilitation is summation of the flanker and the target contrasts by a single large filter (Morgan and Dresp, 1995; Solomon et al., 1999) . These studies suggest that the facilitation effect is due to contrast summation of the target and the flankers by a single large filter. Consistent with this view is the notion that the visibility of the flanker is a critical parameter, which in cases of low visibility, would predict a failure of contrast facilitation (e.g. Levi and Sharma, 1998) . Polat (1999) showed that the transducer function cannot account for the facilitation effect. Herein we have provided additional data that cannot be accounted for by this model: in spite of the large difference between the flanker's contrasts, the magnitude of facilitation remains comparable. Moreover, the flanker's contrast that we used was 40 times (1.6 log units) above the contrast threshold that should shift the facilitation to suppression (Zenger and Sagi, 1996) ; however, this effect was not found. Therefore, we concluded that it is unlikely that the effect of facilitation is due to a summation of the target and flanker contrast from inside the linear filters. Interestingly, a recent study (Solomon and Morgan, 2000) has shown the effects of canceling the collinear facilitation (similar to those shown by Polat, 1999) , which are not consistent with the explanation of collinear facilitation as a transducer function. Note also that our data are not consistent with the suggestion of dependency between the flanker's visibility and facilitation (e.g. Levi and Sharma, 1998) . Our data show that facilitation is evident once the flanker's contrast reached contrast values about twice the target threshold. A recent study (Levi et al., 2002) confirms the finding that facilitation is evident regardless of the flanker's visibility. Thus, it is unlikely that collinear facilitation at 3λ or more is due to contrast summation of the target and flanker's contrast within a larger receptive field.
Can peripheral effects such as the cortical magnification factor, the problem of spatial scaling, or crowding account for our results? This argument may stem from the fact that when changing the spatial frequencies, the entire size of stimuli is different across different spatial frequencies and also the flankers are positioned at different eccentricities from the fovea. We believe that peripheral effects such as spatial scaling and the magnification factor are unlikely to affect the results for several reasons.
(1) The target in this study, as used by the original study of Polat and Sagi (1993) , is always foveal, whereas the flankers are positioned in more peripheral regions with decreasing spatial frequency. In the original study of Polat and Sagi, the facilitation is found for the same experimental conditions with practiced subjects. (2) If the scaling effect underlies our results, then the facilitation effect should increase and recover with increasing contrast. However, this effect was not found in our study (see Figs 4 and 5). (3) The study of Woods et al. (2002) investigated whether scaling (increasing the Gabor envelope) changes the facilitation. The findings were opposite to what is predicted from the scaling effect, i.e. increasing the size reduces the facilitation. (4) Scaling the flankers (increasing their size or decreasing spatial frequency) produces a confounding effect of increasing the overlapping between the target and flankers, an effect that was shown to reduce facilitation for a target-flanker distance of 3λ. Such results were also found during the original study of Polat and Sagi (1993, unpublished data) . Taken together, it seems that the scaling effect does not affect the reduced facilitation for the lower spatial frequencies.
The crowding effect is increased at the periphery and may undelie the reduced facilitation at the periphery (Shani and Sagi, 2005; Tanaka et al., 2007) . However, crowding is also unlikely to affect our results for several reasons: (1) As mentioned above, the target is always foveal. The crowding effect is increased toward the periphery when both the target and mask are presented at the periphery. (2) Crowding is very small at the fovea. (3) Crowding is critically affected by the target and mask separation. The separation is increased for the lower spatial frequencies and thus, crowding is expected to be lower for the lower spatial frequencies. Therefore, we believe that peripheral effects such as cortical magnification factor, the problem of spatial scaling, or crowding cannot be accounted for by our results of reduced facilitation for the lower spatial frequencies.
Another possible explanation for the observed dependency of facilitation on spatial frequency is spatial uncertainty (Shani and Sagi, 2006) . Small Gabors are easy to miss (attention, inexact eye fixation, and so on), which means that detection can benefit from salient localizers, such as collinear flankers. However, this is not the case with low spatial frequencies because patches are large. In this study we used two temporal durations of presentation time (40 and 80 ms). Spatial uncertainty predicts that the facilitation should decrease for the longer durations, especially for the higher spatial frequency. In contrast to that prediction, we found (Figs 2 and 3 ) that the effect of facilitation increased for 3 and 6 cpd but not for 1.5 cpd. This result is consistent with the results of Cass and Spehar (2005) , showing that the facilitation is increased with increasing presentation time. Moreover, our recent study measured the effect of collinear facilitation for high spatial frequency (12 cpd) using static presentation and two spatial alternative forced choice (Zomet and Polat, 2007) , which provided data not consistent with the uncertainty model. Uncertainty reduction predicts that the facilitation effect should disappear or at least be reduced with static presentation, compared with results measured with transient presentations. However, the results have shown that the facilitation effect is similar in both presentation methods. Furthermore, another recent study (Katkov and Sagi, VSS 2008, submitted) provided further support for the hypothesis that collinear facilitation is due to lateral interaction rather than uncertainty reduction. Taken together, it seems that the uncertainty effect is not a major reason for the reduced facilitation found in the low spatial frequencies, though we cannot reject this argument based on our data.
Practice improves the visual performance, an effect known as perceptual learning and is attributed to plasticity of the visual system (Fahle, 2005; Fahle and Poggio, 2002; Gilbert, 1994; Sagi and Tanne, 1994) . Practice on collinear interactions has been successful in increasing the amplitude and the range of facilitation in human adults (Polat and Sagi, 1994b, 1995) . Much of our knowledge about collinear facilitation is based on measuring the visual functions taken from experienced observers. Since the initial stage of the lateral interactions across spatial frequencies is not documented, the question of spatial scaling of the collinear interactions in a natural state is not well known. Therefore, measuring the effect of collinear facilitation from novice observers across spatial frequencies is very important.
